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Introduction
Survival of cancer patients can be dramatically increased if a reliable diagnosis can be achieved when the lesions still are very small, and before the onset of metastasis.
However, current diagnostic practises often require sample amounts not possible to collect at a very early stage. Alternatively, sampling of suspect tumor material in amounts sufficient for a reliable diagnosis is not advisable due to risks of severe sampling-induced side-effects, including dissemination of cancer cells. Compared to surgical excision, fine needle aspiration (FNA) cytology and core needle biopsy (CNB) can for several forms of suspect cancer lesions offer less invasive sampling modalities. However, also for FNA and CNB there is a trade-off between sampling related side effects and diagnostic reliability (1) (2) (3) . FNA is patient friendly, minimally invasive, rapid and cost efficient, but yields small amounts of sample with cells taken out of their tissue context. This makes it more difficult to identify and quantify invasiveness, and the FNA technique relies to a large extent on the experience of the operator and cytopathologist. By CNB, tissue samples are obtained, and therefore typically higher diagnostic sensitivity and specificity can be reached. On the other hand, due to the larger needle diameters, CNB also display higher rates of complications, including hematoma, infections, and not the least higher risks of cancer cell seeding along the needle tracts. To circumvent the need to prioritize either diagnostic reliability or minimized sampling-related side effects in the choice between FNA and CNB, and for cancer diagnostics in general, it is strongly motivated to develop the use of highly sensitive, high resolution methods by which the necessary information for a specific diagnosis can be extracted on a molecular level from a minimal number of cells. It is also important to consider all available information retrievable from the individual sampled cells. In addition to cellular protein content, and the up-or downregulation in the expression of particular cancer-related proteins, characterization of highly resolved, spatial distribution patterns of certain proteins within individual, intact sampled cells can provide important additional diagnostic information. To evaluate the potential of tumor-or metastasis-specific differences in the distribution patterns of specific proteins as diagnostic criteria we analyzed the subcellular distribution patterns of two protein targets controlling the adhesive and mechanical properties of cells, and implicated in the process of metastasis.
The metastasis of tumor cells is a multi-step process that includes local tumor cell invasion into the surrounding tissue, entry to as well as exit from the vasculature and the subsequent colonization of distant organs (4) . During tumor cells invasion, the cells alternate between different modes of migration, either they invade collectively or individually by either a mesenchymal or an amoeboid type of movement (5) (6) (7) . One common feature of these different types of movement is that they require altered adhesive and/or mechanical properties of the cells. Therefore, the proteins that regulate these cellular properties can be expected to have altered spatial distribution patterns in the metastasis-competent cells. Concerning proteins modulating adhesive properties, cells in general interact with their surrounding fibrous extracellular matrix via cell adhesion molecules, such as integrins, to which intracellular multiprotein clusters localize at the internal side of the plasma membrane. Upon ligation of the cell adhesion molecules to the extracellular matrix, protein signaling cascades are elicited in these clusters, which can be detected as phosphorylation of tyrosine amino acid residues (8) . At the relatively low resolution of confocal laser-scanning microscopy (CLSM), areas of increased adhesion show up as cell-matrix adhesion complexes (9), while they can be detected as nanoscale adhesion-related particles with high-resolution electron microscopy (10) . Numerous reports have shown that proteins of the cell-matrix adhesion complexes, including proteins such as integrins, focal adhesion kinase and src family kinases, are functionally altered in metastatic cells (11) (12) (13) . The mechanical properties of cells and tissues have been shown to be regulated by the fibrous intracellular network of intermediate filaments.
In particular, the intermediate filament protein vimentin is important for the mechanical integrity of cells and tissues. The vimentin filaments have also been found to bind to the cell adhesion complexes and thereby to stabilize cell adhesion, as well as to regulate cell motility (14, 15) . In general, the cytoskeletal arrangement largely determines the biomechanical properties of cancer cells, which from recent biophysical investigations have been found to strongly correlate with invasiveness (16, 17) . In particular, the vimentin intermediate filament system has been found to control cell adhesion, motility and invasion and to enhance tumor cell metastasis in vivo (18) .
Taken together, cumulative evidence suggest that the metastatic process is linked to altered spatial organization of proteins that regulate the adhesive and mechanical properties of the cells and their environment. In particular, the organization of cell adhesions and vimentin filaments seem to play a prominent role. In recent years, stimulated emission depletion (STED) microscopy and other far-field, ultrahigh resolution optical microscopy, also termed optical nanoscopy, techniques have undergone a remarkable development (19) . Based on fluorescence-based readouts, they offer high sensitivity, specificity and throughput, and the labelling and acquisition can be done with minor perturbations on the cells, and in comparison to CLSM the spatial resolution can be increased by up to an order of magnitude. In this work, we show for normal, and for genetically modified malignant fibroblast cells that STED microscopy can uniquely resolve and detect differences in the nanoscale spatial distribution of cell adhesions and vimentin filaments underlying malignant development and metastatic competence of these cells, and provide strategies for how these differences can be quantitatively analyzed. We conclude that characterization and analyses of subcellular distribution of these and similar proteins can provide novel means to identify metastasizing cells, new insights into the role of these proteins in the metastatic process and may form a basis for early cancer diagnostics on very limited amounts of cells.
Materials and Methods

Cell culture plating
Human primary skin fibroblasts BJ, passage 12, were used as normal cells, and the genetically modified, transformed, invasive and metastasizing counterpart of BJ cells; BJhTERTSV40TH-RasV12 of passage 19 (BJ-metastasing) (20) as metastasing cells.
The cells were maintained in Dulbecco´s modified Eagle's medium (DMEM), supplemented with 10% FBS (both from HyClone, Thermo Fisher Scientific, Waltham MA, USA) in a 37°C CO 2 cell incubator, as described previously (21) . Prior to cell plating, a cover-slip glass was placed at the bottom of a cell culture dish containing DMEM with FBS and the dish was put in the incubator for 15 minutes. Thereafter, we trypsinized the cells and added enough cells to the dish to form a 60% confluent monolayer within 48 h. To ensure the attachment of single cells to the cover-slip, we resuspended the cells carefully and payed attention not to swirl the dish when placing it back into the incubator. The normal cells adhered within 30 minutes and the metastasing cells within 45 minutes after seeding, as expected given that the cover slip was exposed to the extracellular matrix proteins of the FBS-containing medium.
Immunofluorescence staining and antibodies
48 hours after seeding, the cells were maximally spread out on the substrate. We then confirmed that the cells were attached, that they had a normal morphology, and that they had reached the desired confluence. The cells were then placed back into the incubator. were washed by gently shaking in PBS for 30 minutes at room temperature at dark. The cover slips were then dipped in ddH 2 0, and liquid was removed from the glass, without disturbing or drying the cells attached to the glass, and were thereafter mounted on a microscope slide using a mounting solution of 0.3 mg/ ml glycerol and 0.12 mg/ ml Mowiol in 60 mM Tris pH 8.5 (20, 21, 24) .
STED microscopy
Images were acquired by using a custom built STED microscope which design has been described in detail before (25, 26) . In brief, the system is based on a supercontinuum laser 
Statistics
Cells were imaged from three separately made experiments from different dates for both adhesion and vimentin data. To account for cell to cell variation, between 15-20 cells were imaged for each target and cell-type. The error bars in the figures throughout the paper are given as one standard deviation of the investigated set. Two-tailed student ttests with unequal variance were applied on the comparisons of interest.
Results
To identify novel means to distinguish between normal and metastasizing cells, we used (Fig. 2, A2 ). By thresholding, peaks due to noise could be excluded. To avoid any bias, the same thresholding value was used for all images. The nearest neighbor distance was then measured for all particles as the distance to the closest neighboring particle, and the sizes of the particles were calculated as the mean full width at half maximum (FWHM) value of the peaks, measured for 20 different angles. Measured FWHM values exceeding 60 nm (size of adhesion, labeling and resolution) indicate very close proximity of two or several particles that cannot be individually resolved. From these analyses, it could be clearly quantified that the metastatic cells show an overall increase in the density and a decrease in the measured size of the adhesion-related particles (Fig. 1, A1, A2 ). Although the cell-to-cell variations are quite large and can differ by a factor of two for both density and size, there is still a distinct separation between the control and metastatic cells when taking the cell variation into account as a standard deviation (Fig. 1, A3 ).
Number and sizes of the cell -matrix adhesion complexes and their fraction of adhesion-related particles.
Next, we investigated if, and to what extent the larger areas with increased adhesion, i.e.
the areas of the cell-matrix adhesion complexes, differed between normal and metastasizing cells. In the recorded STED images, cell-matrix adhesion complexes could typically be found at the end of actin stress fibers and could be identified as areas of increased densities of adhesion-related particles (Fig. 1, enlarged areas) . Thus, these areas can be identified in the images by locating areas of increased density of adhesion-related particles ( Fig. 2 A1-A3 ). More specifically, the cell-matrix adhesion areas were defined as the combined area of neighboring adhesion-related particles, which have at least four other particles within a 300 nm radius (Fig. 2) . These areas show up as homogenous blurred intensity areas in the confocal images (Fig. 1) .
The metastatic cells showed an increase in the number (from an average of 7 to 11 per 15x15 µm 2 ) and a reduction of size (from ~1.1 to 0.8 µm 2 ) for the cell-matrix adhesion complexes ( Fig. 2 B1 and B2 ). Approximately half of all adhesion-related particles (54 % for control and 48 % for metastatic cells) were found to reside inside the cell-matrix adhesions complexes. To further investigate the overall higher density of adhesionrelated particles found in the metastasizing cells (Fig. 1, A2, A3 ), and to further resolve differences between the cell types, we analyzed these densities inside and outside of the adhesion complexes in the cells. For both the normal and the metastatic cells the densities of these particles were found to be more than one order of magnitude higher in the cell matrix adhesion-complex areas as compared to outside of these areas (Fig 2, C1, C2 ).
While the densities of the adhesion-related particles inside the cell-matrix adhesion complexes were very similar for control and metastatic cells, the densities outside of these complexes were significantly higher for the metastatic cells (Fig. 2, C1, C2, C3 ).
This indicates that the overall increase of adhesion-related particles in the metastatic cells (Fig. 1, A2, A3 ) is mainly due to additional adhesions outside of the cell matrix adhesioncomplexes. When considered as an average over the whole image, the nearest neighbor distance between the adhesion-related particles was found to be very similar for the metastatic cells, as compared to the control cells (172 ± 18 nm, 168 ± 10 nm respectively). Also when separately considering the neighbor distance inside and outside of the cell adhesion complex areas only slight differences could be discerned, where the metastatic cells have longer average nearest neighbor distances inside these areas as compared to control (104 ± 8 nm, 98 ± 7 nm, respectively) and shorter distances outside of these areas (232 ± 33 nm, 262 ± 34 nm respectively) (Fig. 2, D1 , D2, D3). Histograms of the nearest neighbor distances of the adhesion-related particles could more clearly display differences in the particle distributions inside and outside of the cell-matrix adhesion complexes (Fig. 2, D4, D5) . Hence, the STED images and subsequent analyses can reveal distinct differences between normal and metastasizing cells, both with regard to the size and density of their cell-matrix adhesion complexes as well as to the distribution of adhesion-related particles inside and outside of these complexes.
Imaging and analyses of vimentin intermediate filament fibers.
In order to compare the nanoscale structural differences of the vimentin intermediate filamentous system in the control and metastatic cells, a set of STED images were acquired for these cells, with vimentin and filamentous actin labeled via secondary antibodies and phalloidin, respectively (see materials and methods). Already a first overall inspection of the images indicates a more chaotic structure of the filaments in the metastatic cells, as compared to the control cells, where especially the direction and entanglement of the filaments look different (Fig. 3, upper panels) . In order to quantify these differences, a MATLAB-based analysis software was developed that determines the angle where most of the vimentin fibers are oriented as well as the entanglement of the fibers. The direction of the fibers was calculated by converting the standard X-Y image to an angle-bin image by using the radon transformation (28) . A structure that is oriented in a certain angle in the X-Y image will when projected to the bin at the corresponding angle in the angle-bin image give rise to a high pixel value. The same fiber will when projected for all other angles yield much lower values for the corresponding angle-bin pixels. However, the projection of the fiber will be distributed over more pixels and the sum of the pixels for a certain angle will be the same. We found out that by taking each pixel value to the power of three, the high pixel values corresponding to the structure orientation are enhanced, and a summation of the pixels for each angle gives a good estimate of the direction of the structures in the X-Y image (Fig. 4) . In order to get a single value indicating the direction of the fibers in the image, a simplification was made where we defined all fibers oriented in the most frequent direction ± 10 o to be parallel.
The amount of parallel fibers can then be compared to the total amount of fibers in the image (ratio of peak angle ± 10 o ), giving a value ranging from 1 if all fibers are oriented within 10 o to 0.12 where all directions are equally probable (since the peak angle ± 10 o will then give a value 21/180 = 0.12). Determining the direction of the fibers in the highresolution STED images by this procedure, makes it possible to clearly distinguish parallel from more randomly oriented fibers (Fig. 5) . With this procedure, the direction of the fibers could be distinguished to be less parallel in the metastatic cells, as compared to control cells (Fig. 3 A1) .
The entanglement of the vimentin fibers can be measured by looking at the width of their intensity profiles in the captured images. The widths of the vimentin fibers were calculated by using the skeleton and pruning functions in MATLAB to create a map of the filament network. The width is then calculated at many positions along this network as the minimum FWHM value measured over 20 angles (Fig. S1 ). Since a single vimentin filament is approximately 10 nm in diameter, entangled filaments can not be separately resolved, neither in confocal, nor in STED microscopy images, and appear in both type of images as separate but wider fibers (14) . However, the difference in apparent widths is much larger when comparing single fibers with entangled fibers in the highresolution STED images as compared to the lower resolution confocal images (Fig. 6 ).
Consequently, fiber entanglement can be far better determined from the high resolution images. In these images, the width of the fibers was calculated on approximately 1000 different positions for each image, i.e. each fiber was measured several times on different locations in the image to get a good average. By this procedure, the width of the fibers was found to be significantly higher for the metastatic compared to the control cells, indicating a clearly higher degree of entanglement in the metastatic cells (Fig. 3 A2) .
Histograms over the fiber widths show that most of the fibers for both the metastatic and control cells were between 40-80 nm wide, which indicate mainly single filaments However, the occurrence rate of larger fiber widths confirms that entanglement is clearly more abundant in the metastatic cells as compared to in control cells (Fig. 3 A4) . Taken together, the vimentin image data indicate that the vimentin filaments in metastasizing cells have a more random orientation and are more bundled together into fibers compared to in normal cells. When combining the direction and entanglement data the coordinates of the structure width and ratio peak angle parameters can be clearly separated for the metastatic and the control cells (Fig. 3 A3) . Hence, the normal and metastasizing cells to adhere and an increased ability to migrate (7, 34) . This, together with our previous finding suggests that an increased density and a more homogenous distribution of cell adhesion-related particles leads to reduced cell adhesion and increased contractility, that in turn provide cells with increased migration capabilities.
The process in which a normal epithelial cell transforms into a malignant mesenchymal- The areas of the cell-matrix adhesion complexes are defined by separately localizing each adhesion-related particle and if that particle has at least four neighboring -particles within 300 nm (Green spots A2), it is included in the area of the cell-matrix adhesion complex There is a clear separation in widths where the single fibers mainly are in the 40-80 nm range and the entangled structure is more spread out with a peak between 100-150 nm.
Scale bars 1 µm.
